The cytochrome b gene of Trypanosoma brucei has an ATG codon near its 5' end but the cytochrome b genes of the related kinetoplastids Leishmania tarentolae and Crithidiafasciculata lack an ATG. Recent results have shown that 34 uridines that are not encoded in the genome are added within the 5' end of T. brucei cytochrome b transcripts during or after transcription. These additions create an AUG in the transcript that is 20 amino acids upstream of the AUG predicted from the genomic sequence. We report here that the cytochrome b transcripts of L. tarentolae and C. fasciculata also contain added uridines within their 5' ends. The additions occur in similar numbers and positions and an in frame AUG is created at a similar site in all three species. These data strongly suggest that the created AUG functions as the initiation codon for cytochrome b in these species. Since some other kinetoplastid mitochondrial genes also lack conventional initiation codons, creation of initiation codons may be an important function of uridine addition.
The mitochondrial genome of kinetoplastid flagellates consists of two types of molecules, minicircles and maxicircles, that are catenated into a single network (for reviews, see refs. [1] [2] [3] . Each network contains thousands of minicircles that are 0.7-1.0 kilobase (kb), depending on species (1) ; their function is unknown, although they do have small transcripts (4) . Each network also contains 25-100 maxicircles that are 20-38 kb, depending on species (1) , and are homologous to mitochondrial genomes of other organisms. Maxicircles of Trypanosoma brucei, Leishmania tarentolae, and Crithidia fasciculata encode mitochondrial rRNAs and components of the mitochondrial respiratory system, including apocytochrome b, cytochrome oxidase subunits I, II, and III (subunit III is absent in T. brucei), and NADH dehydrogenase subunits 1, 4, and 5 (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .
Recently it has been shown that nucleotides that are not encoded in the genomic sequence are added within some maxicircle transcripts, presumably either during or after transcription. In one case, four uridines are added to the T. brucei (18) , C. fasciculata (18) , and L. tarentolae (J.M.S. and L.S., unpublished data) cytochrome oxidase II transcripts. This addition corrects a frameshift that exists in the genomic sequence of all three species. In another case, 34 uridines are added within the 5' sequence of the T. brucei cytochrome b transcript (19) . The uridine additions to cytochrome oxidase II (J.E.F. and K.S., unpublished data) and cytochrome b (19) transcripts of T. brucei are developmentally regulated, occurring in procyclic (insect) forms, which have a mitochondrial respiratory system, and not in slender (vertebrate bloodstream) forms, which lack this respiratory system.
The uridine additions to T. brucei cytochrome b transcripts result in the creation of an in frame AUG codon 20 amino acids upstream from an AUG (ATG) in the genomic sequence (19) that had been proposed to act as the initiation codon for this protein (6, 7) . These data suggest that this created AUG may function as the initiating methionine codon for the translation of cytochrome b. The existing ATG in the T. brucei cytochrome b gene is not conserved in the L. tarentolae (9) or C. fasciculata (17) cytochrome b genes, which, like a number of other maxicircle genes, lack conventional ATG initiation codons and consequently have been suggested to use alternative initiation codons (9, 17) . Thus, a created AUG in cytochrome b transcripts of these two species might act as a functional initiation codon. Furthermore, a comparison of the uridine additions to the cytochrome b transcripts of L. tarentolae and C. fasciculata and the predicted amino acid sequences may assist in the assessment of which of the T. brucei AUGs is the functional initiation codon.
We report here that uridines that are not encoded by the cytochrome b gene are added within the 5' end of cytochrome b transcripts in L. tarentolae and C. fasciculata. The number and position of the added uridines is very similar between these species and T. brucei, and an upstream in frame AUG codon is created at a similar site in all three species. These data strongly suggest that the created AUGs serve as the initiation codons for cytochrome b in L. tarentolae and C. fasciculata. The similarity between the three species suggests that the created AUG may also function as an initiation codon in procyclic form T. brucei.
MATERIALS AND METHODS
Strains and Culture Conditions. Clones of L. tarentolae (University of California strain) and C. fasciculata (Cf-cl) were grown in brain heart infusion medium supplemented with 10-20 ,g of, hemin per ml, as described (20) . Clone IsTaR 1 of T. b. brucei (stock EATRO 164) was grown in procyclic culture as described (21) . Cells of all three species were harvested at late logarithmic or stationary phase and either were used immediately or were frozen in liquid nitrogen and stored at -80°C. Mitochondria were isolated from freshly harvested late logarithmic phase cells, as described (22) .
Oligonucleotide Primers and RNA Transfer Hybridization. The LtCYb-CS synthetic oligonucleotide is 41 nucleotides long and is complementary to the RNA sequence predicted from the DNA sequence at the 5' end of the L. Gel electrophoresis, blotting, and hybridization were performed as described elsewhere (19) with oligonucleotides that were end-labeled with [32P]dATP using T4 polynucleotide kinase as probes.
RNA Isolation and Sequencing. Total RNA was isolated as described elsewhere (23) , hybridized to oligonucleotide primers, and sequenced, using Moloney murine leukemia virus reverse transcriptase, by the dideoxy chain-termination method in the presence of [32P]dATP, as described (19) , with one modification: the concentration of the deoxynucleotide corresponding to the dideoxynucleotide in each mix was lowered from 50 gM to 5 ;kM. Poly(A)+ RNA was prepared from an isolated kinetoplast-mitochondrial fraction, as described (22, 24) . L. tarentolae poly(A)+ kinetoplast RNA was hybridized to 5' end-labeled oligonucleotide primers and dideoxy chain-termination sequencing was performed using avian myeloblastosis virus reverse transcriptase as described by Barta et al. (25) and modified by D.-H. Hsu, A. Miller, and E. Sercarz (personal communication).
RESULTS
The sequence of the cytochrome b transcript of L. tarentolae was determined by dideoxy chain-termination sequencing using the LtCYb-CS oligonucleotide primer, which is complementary to the transcript near its 5' end (see Materials and Methods). The same sequence was obtained by using poly(A)+ RNA prepared from isolated mitochondria ( Fig. 1 A and B) and total RNA (data not shown). The sequence reveals that the transcript contains 39 nucleotides, all of which are uridines, which are not predicted by the DNA sequence of the L. tarentolae cytochrome b gene (9) . Sequence obtained with LtCYb-R, a primer complementary to the transcript sequence with additional uridines (Fig. 1C) , confirms the LtCYb-CS-primed sequence. A block to elongation that occurs 39 nucleotides 3' of the principal extension product in the LtCYb-CS-primed sequence is absent when the LtCYb-R primer is used (compare Fig. 1 A and B with C). This may reflect the presence of cytochrome b transcripts that lack the added uridines. A region of ambiguities resulting from blocks to elongation or compression artifacts in the mitochondrial poly(A)+ sequences ( Fig. 1 A-C) was clarified in experiments sequencing total RNA (Fig. 2) . Most ofthese ambiguous positions represent added uridines. Although the LtCYb-CS primer differs from the sequence of the C. fasciculata cytochrome b gene (17) at 7 of 41 nucleotides, it was used to determine a partial sequence of the 5' end of the C.fasciculata cytochrome b transcript. This sequence indicates that uridines that are not encoded in the genome are added to cytochrome b transcripts in sitnilar numbers and positions in both organisms (Fig. 3) . quences of these species are quite similar with respect to the number and location of additional uridines, until sequence similarity ends 4 nucleotides upstream of the 5'-proximal added uridine (Fig. 2) . Strikingly, an in frame AUG is created by uridine addition in all three species near the 5' point of sequence divergence. Comparison of these sequencing ladders with those obtained by using mitochondrial poly(A)+ RNA ( Fig. 1 A-C) shows that the 3' cytidine in each pair of cytidines in Fig. 2 is artifactual, permitting resolution of ambiguities in sequences from all three species. A few blocked positions are found about 15 nucleotides from the bottom of the LtCYb-R sequencing ladder (Fig. 2) . These positions can be interpreted based on cDNA sequences (19) . It is not known whether they represent transcript ends or reverse transcriptase pause points. Alignment of the uridine addition region of the cytochrome b transcripts points out the highly conserved character of the sequences (Fig. 3) . T. brucei has 34 additional uridines in 13 sites, C. fasciculata has 39 uridines in 14 sites, and L. tarentolae has 39 uridines in 15 sites. The few differences in uridine positions between the species are largely restricted to the boundaries of the uridine addition region. C. fasciculata has one and L. tarentolae has two added uridines at the 3' boundary that are encoded as thymidines in the T. brucei genome. L. tarentolae and C. fasciculata have three more uridines than does T. brucei immediately 3' to the created AUG and C. fasciculata has an extra uridine 5' of the AUG that is not present in the other two species. It may prove significant that in all three species, one (T. brucei and L. tarentolae) or two (C. fasciculata) uridines are added immediately 5' of the created AUG.
The predicted N-terminal amino acid sequences resulting from translation of the cytochrome b RNA sequences starting at the created AUG are also quite similar among the three kinetoplastid species examined (Fig. 4) . The L. tarentolae and C. fasciculata amino acid sequences are identical and differ from the T. brucei sequence at only two positions. The predicted sequence is very hydrophobic. Comparison of the kinetoplastid N-terminal amino acid sequences to those of the cytochrome b proteins of other organisms shows conservation of length of the N-terminal region, with limited conservation of amino acid sequence. The sequence predicted by the uridine addition region has 10-20%o conserved amino acids, relative to other cytochrome b proteins. If conservative replacements are included, this rises to 25-30%. By comparison, the amino acid sequence immediately downstream of the additions is comprised of 50%0 conserved and conservatively replaced amino acids (Fig. 4) .
T. brucei has three classes of cytochrome b transcripts: one matches the DNA sequence and twvo, of slightly differing sizes, contain additional uridines (19) . To determine' if L. tarentolae has cytochrome b transcripts lacking additional uridines, we hybridized LtCYb-CS, LtCYb-R, and LtCYb-D to blots of L. tarentolae total RNA (Fig. 5) . LtCYb-CS hybridizes strongly to an "1300-nucleotide transcript and hybridizes slightly to a 1200-nucleotide transcript. LtCYb-R hybridizes to the same size of transcripts at about the same relative intensity. LtCYb-D, which matches the DNA sequence in the region where nonencoded uridines are present in the predominant RNA sequence, hybridizes only to the less abundant 1200-nucleotide transcript, suggesting the presence of some transcripts lacking the additional uridines. There is little possibility that these results represent crosshybridization between edited (i.e., with added uridines) and conventional (without extra uridines) sequences, despite substantial homology between LtCYb-D and LtCYb-R. If significant cross-hybridization were occurring, the LtCYb-D probe would detect principally the larger transcript, based on its abundance. Since it does not, the hybridization conditions employed are sufficiently stringent to differentiate between the sequences recognized by the oligonucleotides. Furthermore, the presence of an extension product that is 39 nucleotides smaller than the principal product ( Fig. 1 A and B) and that is not detected when sequencing with the LtCYb-R primer (Figs. 1C and 2 ) supports the existence of a class of transcripts lacking the larger transcript is estimated to be 1300 nucleotides and the smaller is estimated to be 1200 nucleotides. Previous estimates gave the size of the major L. tarentolae transcript as 1200 nucleotides (26) Kinetoplastid protozoa have a number of mitochondrial genes that lack conventional initiation codons and, in these cases, isoleucine and leucine codons have been proposed to serve as alternative initiation codons (8-10, 14, 17 (18) transcripts of T. brucei and no alternate genes were detected. It seems likely therefore that uridines are added to these transcripts during or after transcription. The similarity in number and position of the added uridines in the cytochrome b transcripts suggests that the process of uridine addition and the means for conferring specificity are similar among these species.
The addition of uridines to transcripts has been shown to correct frameshifts in the genomic sequence (ref. 18 ; J.M.S. and L.S., unpublished data) and to create initiation codons (ref. 19 ; J.E.F. and K.S., unpublished data). The data presented here argue strongly that the created AUGs are functional. Extra uridines have also been detected within the 3' untranslated region and poly(A) tails of two transcripts (18, 19) ; their function at those locations is unclear. Uridine addition appears to affect a substantial proportion of kinetoplastid mitochondrial transcripts and has a principal role in creating translatable transcripts. Determination of the mechanism by which uridines are added to transcripts will assist significantly our understanding of the control of gene expression in kinetoplastid mitochondria.
